The mucosa in the gastrointestinal (GI) tract is, during multiple times a day, subject to large variations in blood perfusion, and therefore PO 2 . During fasting, the blood flow is low (5% of cardiac output), which then rises significantly to 30% after a meal. In addition, the mucosa has a steep oxygen gradient from the epithelial cells adjacent to the nearly anoxic lumen to the cells near the highly perfused submucosa (10, 47) .
In inflammatory bowel disease (IBD), the GI mucosa is subjected to chronic inflammation. The subsequent increase in leukocyte numbers, increased metabolism, and vasculitis leaves the tissue in a chronic hypoxic state (22, 47) . Hypoxiainducible factor-1 ␣ (HIF-1␣) functions as a master regulator of cellular and systemic homeostatic response to hypoxia by activating transcription of many genes whose protein products increase oxygen delivery or facilitate metabolic adaptation to hypoxia. In a preliminary study by our group, we demonstrated that EC cells are hypoxia responsive and that the production and secretion of 5-HT is upregulated during hypoxia via a HIF-1␣-related mechanism accompanied by NF-B pathway activation (3) .
Alterations in 5-HT release are critically relevant to the regulation of normal gut function. EC cells mediate gut secretion, peristalsis, and motility by the secretion of 5-HT, as well as of melatonin, substance P, and guanylin (27) . 5-HT release is altered in pathological states such as IBD, irritable bowel syndrome (IBS), and Celiac disease. Increased 5-HT secretion (2, 17) and decreased levels of 5-HT transporters (SERT) (8) have been noted in IBD, the latter, a reuptake mechanism facilitating degradation of 5-HT. In diarrhea-dominated IBS (D-IBS), the EC cell number is also increased (31) , which is accompanied by elevated postprandial plasma 5-HT (1) . In addition, SERT is downregulated in D-IBS (8) . In Celiac disease, the EC cell number is increased (51) , and 5-HT is elevated in both the blood and mucosa (9) . Multiple experimental studies indicate an important role for 5-HT in immune activation (20, 32) , and 5-HT receptors have been identified on a wide array of immune cells, including lymphocytes, monocytes, macrophages, and dendritic cells (7) . In the gut, this may be of particular interest in conditions like IBD and intestinal hypoxia with increased 5-HT secretion and concomitant inflammation.
We hypothesized that EC cells, based on their chemomechanoresponsive phenotype, would, similar to bronchopulmonary NEBs, be able to respond to different levels of oxygen. Furthermore, under conditions of elevated O 2 , we predicted that 5-HT production and secretion would be reduced compared with decreased O 2 levels because tryptophan hydroxylase (TPH)1 transcription is positively regulated by HIF-1␣ (38) .
To test our hypothesis, we used isolated normal EC cells as well as the well-characterized EC cell model, KRJ-I, and examined the effects of an O 2 gradient (0.5% O 2 ¡100% O 2 ) on 5-HT production and secretion, focusing on signal pathway activation (HIF) in this process.
MATERIALS AND METHODS
Experimental approach. Studies were performed on the continuously growing EC cell tumor-derived KRJ-I cells, a model for normal EC cells (6, 28) , as well as isolated, short-term cultured human ileal EC cells isolated as described (27) . HIF signaling pathway activation was measured using transient transfection with Renilla luciferasehypoxia transcriptional response element (HRE) constructs in cells exposed to hypoxia, defined as 0.5% O 2 (maximally responsive effective concentration; Ref. 24 ) and hyperoxia defined as 100% O2 for 30 and 120 min and compared with normoxia (defined as 20% O2 at the same time points). RT-PCR was performed to determine the HIF-1␣ downstream targets Glut1, IGF2, and VEGF. 5-HT secretion was measured under these conditions (ELISA), whereas signal pathway activation was assessed using Western blot protocols. These were performed to evaluate HIF-1␣, OH-HIF, pTPH, pNF-B/NF-B, pERK/ERK, pAKT/AKT, catalytic PKA, pCREB, vesicle monoamine transporter type 1 (VMAT1), and chromogranin A (CgA).
Antibodies. The following antibodies were used in the studies. pNF-B (3033S), tot-NF-B (4764S), pAkt (4058S), tot-Akt (4691S), PKA C-␣ (5842S), MAPK (4695S), pMAPK (4370S), pCREB (9198S), HIF-1␣ (3716), OH-HIF (3434), Rb IgG (7074S), Mouse IgG (7076S) were from Cell Signaling Technology. VMAT-1(58170) and pTPH-1(30574) were from Abcam. CgA1/2 (M0869) was from Dako. ␤-Actin (011M4793) was obtained from Sigma-Aldrich.
EC cell isolation and culture conditions. Macroscopically "normal" tissue obtained from patients undergoing surgery for diverticulitis (n ϭ 3) or colon cancer (colon: n ϭ 4) (all tissue collected between 2009 and 2011 at Yale University, Department of Surgery and designated by the IRB as nonhuman subjects research). EC cells (Ͼ98% purity) were isolated by mucosal stripping, enzymatic digestion, and a combination of Nycodenz gradient fractionation and fluorescence-activated cell sorting as described (27) . Approximately 1 ϫ 10 6 cells were obtained per mucosal sample, a quantity sufficient for real-time PCR, short-term culture, and Western blots. For shortterm culture, cells were maintained for Ͻ12 h (after isolation) in Quantum 263 complete tumor growth medium supplemented with penicillin (100 IU/ml) and streptomycin (100 g/ml). The EC cell tumor-derived cell line KRJ-I (33, 45) was maintained as floating cell aggregates in the same media as for normal cells. All experiments were performed without antibiotics; the tumor cell line was demonstrated to be mycoplasma free.
Hypoxic/hyperoxic treatment. Hypoxic/hyperoxic conditions were induced using a modular incubator chamber (MIC-101; BillupsRothenberg). Briefly, cultured KRJ-I cells (48 h) were transferred to the humidified hyperoxic chamber; the chamber was flushed with CO 2 (0.5% O2) or 100% O2 for 4 min to maintain hypoxic/hyperoxic conditions. Cells were exposed to hypoxia/hyperoxia for 30 and 120 min, respectively.
RLU studies. The Cignal HIF Pathway Reporter Assay Kit (LUC) (CCS-007L) was used to evaluate HIF signaling in isolated normal EC cells and in KRJ-I cells. Briefly, the basis of this protocol is transient transfection with a HIF-responsive luciferase construct that encodes the firefly luciferase reporter gene under the control of a minimal (m)CMV promoter and tandem repeats of HRE. This is designed to monitor the activity of HIF-regulated signal transduction pathways in cultured cells. Each reporter is premixed with constitutively expressing Renilla luciferase, which serves as an internal control for normalizing transfection efficiencies and monitoring cell viability. Shortterm cultured EC cells (10,000/well) or KRJ-I cells (10,000/well) were transfected per protocol and exposed to hypoxia or hyperoxia for 30 -120 min. O 2-activated Renilla luciferase was measured using the dual luciferase assay (Glomax). The average maximum response per kit is four relative light units (RLU); in these experiments two RLU were identified. Exposure to normoxia was used as a control.
Knockdown studies. The Ambion Silencer Select Validated siRNA approach (gene number 42840, Ambion) was used to evaluate HIF signaling in KRJ-I cells [200,000 cells/well in 6-well plates (Falcon, BD Biosciences)] (21). HIF-1␣ was silenced using the reverse transfection approach (12.5 pmol) and Lipofectamine RNAiMAX (Invitrogen). Knockdown was confirmed using PCR and Western blot after 24 and 48 h of incubation. Transfected cells (48 h) were exposed to hypoxia for 30 min, and serotonin release was measured. The average knockdown was 50% after 48 h. Exposure to normoxia was used as a control.
RT-PCR analyses. RNA was extracted from isolated, short-term cultured EC cells (1 ϫ 10 5 , n ϭ 4) or KRJ-I cells (1 ϫ 10 6 , n ϭ 6) using TRIZOL (Invitrogen) and cleaned (Qiagen, RNeasy kit). After conversion to cDNA (High Capacity cDNA Archive Kit, Applied Biosystems) (27) , quantitative RT-PCR analysis was performed using Assays-on Demand and the ABI 7900 Sequence Detection System (25, 26) . Primer sets were all obtained from Applied Biosystems, and PCR mix on gels were performed to confirm presence of single bands for each primer set. PCR data were normalized using the ⌬⌬C T method; ALG9 was used as a housekeeping gene (29) .
5-HT secretion analysis. 5-HT levels were analyzed using commercially available ELISA assays (5-HT: BA 10 -0900; Rocky Mountain Diagnostics) as previously described (26, 33) . Briefly, cells were seeded into six-well plates (Falcon, BD Biosciences) and stimulated with hypoxia/hyperoxia (30 and 120 min). Supernatant was immediately collected, and 5-HT concentration was evaluated according to the manufacturer's instructions.
Protein extraction. KRJ-I cells (4 ϫ 10 5 cells/ml) were seeded in six-well plates (Falcon, BD Biosciences) and stimulated with hypoxia/ hyperoxia for 30 and 120 min. After cells were harvested, whole cell lysates were prepared by adding 200 l of ice-cold cell lysis buffer [10 ϫ RIPA lysis buffer (Millipore), complete protease inhibitor (Roche), phosphatase inhibitor set 1&2 (Calbiochem), 100 mM PMSF (Roche), 200 mM Na 3VO4 (Acros Organics), 12.5 mg/ml SDS (American Bioanalytical)]. Tubes were centrifuged at 12,000 g for 20 min, and protein amount in the supernatant was quantified using the BCA protein assay kit (Thermo Fisher Scientific) (46) .
Western blot analysis. Total protein lysates (20 g) were denaturated in SDS sample buffer, separated on a Tris-Glycine gel (10%) and transferred to an Immobilon P (PVDF) membrane (Millipore). After blocking (5% BSA for 60 min at room temperature), the membrane was incubated with primary antibodies in 5% BSA/PBS/Tween20 overnight at 4°C. The membranes were incubated with the horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) for 60 min at room temperature and immunodetection was performed using the Western Lightning Plus-ECL (PerkinElmer). Blots were exposed on X-OMAT-AR films. The optical density of the appropriately sized bands was measured using ImageJ software (NIH). The ratio between phospho-protein and total protein was calculated, and total protein expression was reported relative to that of ␤-actin (Sigma-Aldrich) (46) .
Statistics. Results were expressed as means Ϯ SE. All statistical analyses were performed using Prism 5 (GraphPad Software). Results were compared between control and stimulated cells using the MannWhitney test.
RESULTS

Assessment of HIF-1␣ and differential oxygen activation in EC cells.
We initially examined normal EC cells and the EC cell tumor-derived cell line KRJ-I to determine baseline HIF-1␣ and hydroxy-HIF-1␣ expression and evaluate whether these cells express HIF-mediated oxygen-signaling pathways. Protein expression of HIF-1␣ (Fig. 1A) was identified in normal and KRJ-I cells. HIF-1␣ that can be activated was identified in both cell types, whereas the degradable, hydroxylated form hydroxy-HIF-1␣ was not expressed. An inducible HIF pathway was designed using transient transfection of normal and KRJ-I cells with a HIF-responsive firefly luciferase construct under HRE-transcription control. In normal EC cells (Fig. 1B) , hypoxia (0.5% O 2 ) resulted in significant activation (ϳ2-fold RLU) at both 30-min and 120-min exposure. KRJ-I cells responded in a similar fashion, (ϳ1.5-fold RLU) at both time points (Fig. 1C) . Hyperoxia (100% O 2 ) had no effect on luciferase production in either cell type. These results demonstrate intact HIF signaling pathways in both cell types and that activation of HIF signaling can be completely blocked by high levels of O 2 . An analysis of the HIF-1␣ downstream targets Glut1 (ϳ2-fold, P Ͻ 0.05), IGF2 (ϳ2-4-fold, P Ͻ 0.05), and VEGF (ϳ2-fold, P Ͻ 0.05) identified that these were significantly elevated in both normal EC cells (Fig. 1D ) and in KRJ-I cells during hypoxia (Fig. 1E) .
Differential oxygen exposure and HIF-1␣/OH-HIF. After demonstrating an intact HIF signaling pathway using luciferase constructs, we next evaluated whether variations in O 2 altered protein levels of HIF. Hypoxia was associated with an increase in HIF-1␣ expression [30 min: 1.7 Ϯ 0.3, P Ͻ 0.001; 120 min: 3.0 Ϯ 0.47, P Ͻ 0.0001 (fold expression compared with normoxia)] (Fig. 2, A-B) . In contrast, cells subjected to elevated O 2 levels exhibited a different HIF-1␣ phenotype. Instead of one band at 120 kDa, there were two bands identified, one at 110 kDa, the second at 95 kDa (Fig. 2D ). When these were quantitated, a significant decrease in expression was noted compared with normoxia at 120 min (0.73 Ϯ 0.05, P Ͻ 0.01). As anticipated, levels of HIF-1␣ were significantly Fig. 3 . Protein levels of phosphorylated tryptophan hydroxylase 1 (TPH1) and total TPH1 in KRJ-I cells and serotonin (5-HT) secretion, in response to different O2 levels. Hypoxia was associated with a trend to an increase in P-TPH1 (A and B) and an elevation in secreted 5-HT at both 30 and 120 min (C). Elevating O2, in contrast, resulted in a significant decrease in P-TPH1 (30 min, 120 min) (#D and E). 5-HT secretion, however, did still occur at levels 20% above control during hyperoxia (F). Means Ϯ SE, n ϭ 4 -8, *P Ͻ 0.003, #P ϭ 0.05. elevated at 30 min (P Ͻ 0.005) and 120 min (P Ͻ 0.0001) by hypoxia compared with hyperoxia. Interestingly, no significant alterations were noted in the expression of the hydroxylated form of HIF (OH-HIF) (Fig. 2, C and F (Fig. 3, A-B) , whereas increasing O 2 significantly reduced phosphorylation of TPH1 compared with normoxia (30 min: 0.7 Ϯ 0.03, P Ͻ 0.0005; 120 min: 0.5 Ϯ 0.05, P Ͻ 0.0005) (Fig. 3, D-E) . In addition, pTPH was further decreased at 120 min compared with 30 min (P Ͻ 0.01). Comparing the two groups confirmed that hyperoxia was associated with decreased pTPH at both 30 min (P Ͻ 0.005) and 120 min (P Ͻ 0.005). This indicates that EC cells respond to low O 2 levels with activation of TPH1, a critical enzyme for 5-HT synthesis. Decreasing O 2 to 0.5% elevated levels of 5-HT after 30 min (3.2 Ϯ 0.4, P Ͻ 0.005), as well as at 120 min (2.2 Ϯ 0.2, P Ͻ 0.01) compared with normoxic-mediated secretion (Fig. 3C ). Increasing O 2 to 100% also elevated levels of 5-HT after 30 min (1.2 Ϯ 0.07, P Ͻ 0.001), as well as after 120 min (1.1 Ϯ 0.06, P Ͻ 0.01), but these levels were not as marked as in response to hypoxia (Fig. 3F) . Comparing each time point identified that release was significantly lower at both 30 min (P Ͻ 0.0001) and 120 min hyperoxia (P Ͻ 0.05) compared with hypoxic conditions, suggesting that EC cell 5-HT secretion is most sensitive to low O 2 concentrations.
Effect of HIF-1␣ knockdown on normoxic and hypoxiamediated 5-HT release. To examine the relevance of HIF-1␣ to serotonin release, we evaluated whether knocking down gene expression affected serotonin release under hypoxic conditions. The Ambion approach effectively reduced HIF-1␣ mRNA (Fig. 4A) and protein (Fig. 4B ) at 24 and particularly 48 h. Examination of 5-HT release identified that basal release was significantly lower (ϳ75%, P Ͻ 0.05) under normoxic conditions, whereas the normal secretory response to 0.5% hypoxia was reduced approximately twofold (P Ͻ 0.01) by knockdown (Fig. 4C) .
Differential oxygen sensing, 5-HT vesicular accumulation, and granule formation. We next investigated the effects of altering O 2 levels on VMAT1 and CgA expression. VMAT-1 functions to accumulate cytosolic monoamines, like 5-HT, into secretory vesicles (16), whereas CgA is important for granulogenesis and secretion of amines and peptides in neuroendocrine cells (33) . Neither hypoxia nor hyperoxia had any effect on VMAT1 (Fig. 5, A-B) . In contrast, significant alterations were noted in CgA. At 120 min, hypoxia was associated with significant increases in the two major CgA band sizes (75-80 kDa; 1.3 Ϯ 0.06, P Ͻ 0.05 and 1.8 Ϯ 0.12, P Ͻ 0.05, respectively) (Fig. 5C ). High O 2 levels were associated with increased expression of the major 75-kDa band (30 min: 1.17 Ϯ 0.05, P Ͻ 0.05; 120 min: 1.19 Ϯ 0.05, P ϭ 0.01) (Fig.  5D ). This indicates that EC cell O 2 sensing is not associated with alterations in 5-HT vesicular accumulation but with translation and processing of CgA, an important component of the neuroendocrine secretory pathway.
Identification of O 2 -dependent activation of non-HIF-signaling pathways.
Having demonstrated an intact HIF signaling pathway in EC cells that was associated with 5-HT, we next analyzed other signaling pathways to determine whether O 2 sensing activated other pathways associated with 5-HT secretion. These include CREB, MAPK, AKT, and NF-B. PKA activation is associated with pCREB signaling, a pathway activated in EC cell neoplasia (15) . Exposure to alterations in O 2 levels had no significant effects on PKA (Fig. 6) . In contrast, hyperoxia was associated with a decrease in phosphorylated CREB at 120 min (0.53 Ϯ 0.04, P Ͻ 0.03). These data indicate that a cAMP-regulated PKA/pCREB pathway is not activated by decreases in O 2 . MAPK (ERK) plays a critical role in regulating 5-HT secretion (6, 28) . Hypoxia did not affect ERK phosphorylation at 30 min but significantly reduced it at 120 min (0.6 Ϯ 0.06, P Ͻ 0.001) compared with normoxia (Fig. 6) . Hyperoxia, in contrast, significantly reduced phosphorylated ERK at both time points (30 min: 0.17 Ϯ 0.07, P ϭ 0.001; 120 min: 0.20 Ϯ 0.08, P Ͻ 0.005). In addition, ERK activation was significantly decreased by hyperoxia at 30 min Fig. 5 . Protein levels of vesicle monoamine transporter type 1 (VMAT1) and chromogranin A (CgA) (both major bands, CgA1 and CgA2) in KRJ-I cells, in response to different O2 levels. VMAT1 protein expression remained unchanged during both hypoxia and hyperoxia (A and B) . In contrast, there was a significant increase in CgA1 and CgA2 protein levels after 120 min of hypoxia (C). Hyperoxia induced a small but significant increase in CgA1, whereas CgA2 did not change significantly (D). Means Ϯ SE, n ϭ 4 -8, *P Ͻ 0.04 compared with control.
(P Ͻ 0.001) and 120 min (P ϭ 0.005) compared with hypoxia. No significant alterations were noted for total ERK. This indicates that EC cells respond to high O 2 levels with inhibition of ERK signaling. Activation of phosphatidylinositol 3-kinase/ AKT signaling is also associated with hypoxia (5). In EC cells, hypoxia was associated with significant AKT phosphorylation at 120 min (1.6 Ϯ 0.10, P Ͻ 0.005) compared with normoxia (Fig. 6 ). Increased O 2 levels were associated conversely with a decrease in phosphorylated AKT levels (30 min: 0.76 Ϯ 0.04, P Ͻ 0.0001; 120 min: 0.55 Ϯ 0.05, P Ͻ 0.0001). In addition, there was a significant decrease between 30 min and 120 min (P Ͻ 0.05) during hyperoxia. Comparing the two conditions (low vs. high O 2 ) confirmed that hyperoxia was associated with decreased pAKT at all time points. No significant alterations were noted for total AKT. This indicates that this pathway is activated in EC cells by alterations in O 2 ; a response similar to chemoresistant tumor cell lines (5) . Finally, we focused on the NF-B, a pathway associated with hypoxia-mediated 5-HT synthesis (3). Hypoxia, as expected, was associated with an elevation in phosphorylated NF-B levels compared with normoxia (30 min: 1.24 Ϯ 0.07, P ϭ 0.001; 120 min: 1.59 Ϯ 0.24, P Ͻ 0.05) (Fig. 6) . Hyperoxia was not associated with any sustained alterations. Comparing the two groups identified that pNF-B was significantly lowered by 120 min of hyperoxia (P Ͻ 0.05). No significant alterations were noted for total NF-B for any of the conditions. These data indicate that EC cells respond to alterations in O 2 levels with NF-B signaling, an effect most noticeable at low O 2 levels.
DISCUSSION
In this study, we demonstrate that the neuroendocrine EC cell, a cell type known for its chemomechanosensory role in gut function, is also, similar to pulmonary neuroepithelial 5-HT-secreting cells (13) , an O 2 sensor that can respond with increased hypoxia-related intracellular signaling and 5-HT secretion during exposure to hypoxia. These responses included a direct HRE-mediated response and transcription of known downstream targets (GLUT1, IGF2, and VEGF), activation of pNF-B, and pAKT, as well as increased production of CgA. Increasing O 2 to 100% inhibited HRE-mediated signaling, transcription, reduced 5-HT secretion (compared to hypoxia) and significantly lowered HIF-1␣ levels (ϳ75% of control). These data indicate that the gut EC cell can metabolically adapt to changes in the oxygen environment (Fig. 7) .
Under normal conditions, the intestinal mucosa is subject to a "physiological hypoxia" (45) , and mucosal cells adapt to a steadily changing O 2 supply, e.g., increased blood supply during digestion. The canonical regulator of hypoxic responses is HIF-1␣ (43), a heterodimer consisting of a constantly expressed ␤-subunit, and an oxygen-regulated ␣-subunit. Under normoxic conditions, the ␣-subunit of HIF-1 is marked for Fig. 6 . Protein levels of alternate signaling pathways in response to different O2 exposure. No significant differences in catalytic (c)PKA were identified in cells subject to hypoxic or hyperoxic exposure (30 min, 120 min). A significant decrease in P-CREB protein levels was identified after 120 min of decreased O2 saturation. Decreasing the O2 resulted in a decrease in P-ERK at 120 min, but increasing O2 significantly decreased pERK at both time points. No changes in total ERK levels were identified. Reducing O2 significantly increased pAKT (120 min), but an elevated O2 was associated with a significant decrease in pAKT (30 min, 120 min). No changes in total AKT levels were identified. There was a significant increase in P-NF-B after decreasing O2 (30 min, 120 min). No changes in total NF-B levels were identified. Means Ϯ SE, n ϭ 4 -16, *P Ͻ 0.01, #P Ͻ 0.05. degradation by O 2 -dependent prolyl hydroxylases (PHDs) (11), whereas, in hypoxia, HIF-1␣ escapes degradation (42) . In the present study, HIF-1␣ was significantly increased under hypoxic conditions. Interestingly, we noted two separate bands (ϳ95 and 110 kDa) in cells exposed to hyperoxia in contrast to a single, larger band in hypoxia. Wenger et al. (50) demonstrated that mouse HIF-1␣ can exist as two different mRNA isoforms, one being ubiquitously expressed, the other being tissue specific (50); different isoforms have also been identified in humans (14) . It is noteworthy that the different isoforms are regulated in distinct manners and that effects on downstream genes can differ (41) . Our data indicate that HIF-1␣ isoforms are present in gut EC cells and that oxygen may regulate expression.
To evaluate whether O 2 exposure regulated HIF signaling, we examined HRE-mediated luciferase production in transiently infected EC cells. Hypoxia was associated with luciferase production; hyperoxia inhibited expression. This suggests that hypoxia is a physiological process in EC cells and that reducing O 2 exposure stimulates this pathway. Conversely, elevated O 2 exposure completely abrogates HRE-mediated signaling presumably via a PHD-mediated degradation. To further evaluate HRE signaling, we examined expression of a subset of the 40 genes that have been identified with HREs in their promoter regions. The known HIF-1␣ downstream target genes Glut1, IGF2, and VEGF were all upregulated by hypoxia in EC cells, confirming that O 2 sensing results in HREmediated transcription. Interestingly, hyperoxia was associated with a decreased transcription of these targets, consistent with a loss of HRE-mediated signaling.
An HRE has also been identified in the promoter region for TPH1 (38, 40) , and under hypoxic conditions (1% O 2 ) TPH1 is strongly upregulated (38) , suggesting that HIF-1␣ may directly drive 5-HT production in cells subject to hypoxia (38) . Our measurements of 5-HT secretion confirmed that hypoxia was associated with 5-HT secretion. Given that there was no significant reduction in cell viability (MTT uptake/GLOMAX live-dead assay, data not shown) following exposure to different O 2 levels, 5-HT release appears to be a physiological consequence of O 2 sensing, particularly under conditions of hypoxia. The direct relevance of HIF-1␣ to 5-HT release was confirmed by the silencing studies. Knockdown reduced both basal secretion (by ϳ25%), whereas the hypoxic response was reduced twofold.
Interestingly, we noted an increase in 5-HT secretion in cells exposed to hyperoxia; levels were, however, substantially lower than when cells were exposed to anoxic conditions and could reflect metabolic function. These findings were supported by pTPH, the rate-limiting enzyme in 5-HT production; levels were significantly lower at 30 as well as 120 min in cells exposed to high O 2 levels compared with hypoxic conditions. In colorectal surgery, use of intraoperative oxygen reduces 5-HT levels in plasma and platelets, with a reduction in postoperative GI symptoms (35) . We postulate that this effect may be indirectly mediated by the EC cell.
Additional analysis of the EC cell secretory machinery identified no significant alteration in VMAT1 (a 5-HT transporter involved in 5-HT uptake into secretory vesicles, Ref. 16 ), but CgA was significantly increased, particularly by hypoxia. CgA plays an important role in granulogenesis and secretion in neuroendocrine cells (33) , and activation presumably identifies de novo regulation of the neuroendocrine secretory pathway, further confirming a role for hypoxia in 5-HT secretion.
Although HIF-1␣ represents the predominant cellular response to hypoxia, we examined other potential signaling pathways to evaluate whether they played a role in oxygen sensing and 5-HT release. In the present studies, PKA and pCREB were not significantly associated with 5-HT synthesis and release. In contrast, signaling via MAPK and AKT were differentially altered by O 2 levels. Phosphorylation of ERK was significantly reduced by both low and high O 2 , an effect most noted at hyperoxia. In lung epithelial cells subjected to hyperoxia, several investigators have identified ERK activation as well as the fact that this activation protects against hyperoxia-induced cell death (4, 36, 49) . We identified a decrease in pERK, indicating that oxygen sensing in EC cells is not associated with the ERK pathway. In contrast, AKT was differentially regulated, increased at low O 2 levels, and decreased at high levels. In a study by Truong et al. (44) , low O 2 levels were associated with an increase in pAKT, whereas increased O 2 resulted in a decrease in pAKT, responses similar to the gut EC cells. AKT signaling therefore may be a measure of O 2 sensing in these cells although the multifactorial role of AKT in HIF-1 stabilization, i.e., both oxygen dependent and independent, should be recognized (44) . The AKT response may also reflect a cellular response to oxygen.
We also examined the NF-B signaling pathway, as this is activated under changing O 2 conditions (11, 12) . NF-B is also thought to be a master regulator in inflammatory responses, including in the gut (37) . NF-B is activated by reactive oxygen species (ROS) (30) and is inhibited, interestingly, in the same manner as HIF-1␣, by hydroxylation of PHDs (11) . In the present study, we noted a significant increase in pNF-B levels under hypoxic conditions, indicating that the inhibitory effect of PHDs on NF-B activation does not occur in the EC cell. However, we noted a significant increase of pNF-B also after 30 min of hyperoxia with no difference at 120 min. We interpret this as dynamic responses to increased ROS levels, which are known to be powerful NF-B activators. In lung epithelia, NF-B protects against hyperoxic cell death. Whereas ROS is known to induce cell death via apoptosis, NF-B could protect cells via glutathione (39) and manganese superoxide dismutase (19) , which both have antioxidant effects and directly protect against ROS.
In conclusion, we have demonstrated that gut EC cells are oxygen responsive. Alterations in O 2 levels differentially activate HIF-1␣ and NF-B signaling as well as TPH1. This results in alterations in 5-HT production and secretion. Localized hypoxia occurs as a result of chronic inflammation in the gut during pathophysiological processes including IBD (48) . Given the relevance of 5-HT in the etiopathology of this complex disease (TPH-1 knockout mice respond to chemicallyinduced colitic agents with a less severe phenotype and delayed onset of disease compared with wild-type mice treated in the same protocol, Ref. 20 ), it appears likely that hypoxic sensing via HIF-1␣ plays a role in EC cell responses. This is strengthened by observations that the majority (ϳ90%) of EC cells in hypoxic mucosa (e.g., Crohn's disease) exhibit HIF-1␣ protein (unpublished observations). In addition, as 5-HT is a potent modulator of the immune system, e.g., innate-sensing dendritic cells express 5-HTR 3, 4, 7 , the activation of which regulates IL16 (34) and IL8 secretion (23) , EC cell-mediated signaling likely plays a significant role as an inducer of inflammation during intestinal hypoxia. As hypoxia is associated with increased adenosine release (18) as well as stabilization of HIF-1␣ and ATP-mediated responsiveness (42) , and EC cell 5-HT release is regulated in this milieu (6) , it is likely that this cell type may be a canonical sensing system during gut dysfunction.
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